Very early promoters of viruses control the proper cascade expression of viral genes and are essential for completion of virus life cycles. These promoters are usually rare and weak and do not encode structural proteins. As a result, they are difficult to identify. In order to identify and clone the very early promoters of a large eukaryotic DNA virus, the Hz-1 virus, a novel cloning strategy was applied. This strategy is based on a dual-expression shuttle vector containing a promoter-less lacZ gene. Insertion of eukaryotic promoters upstream permits the efficient expression of LacZ in bacteria cells. The function of the putative promoters was then confirmed by their proper expression in insect cells. The first two productive infection-specific promoters of Hz-1 virus, contained within the shuttle vectors pTSV-2-129 and pTSV-2-49, were cloned from the H/ndlll-K and H/ndlll-A fragments of the Hz-1 viral genome, respectively. By primer extension analysis, an immediate and constitutive expression of the promoter in clone pTSV-2-129 was detected after viral infection. Identification of the productive infection-specific promoters has laid down important groundwork for future studies on the molecular mechanism of the transcriptional switch between productive and persistent infections of Hz-1 virus.
INTRODUCTION
Invertebrates harbor a rich body of viruses. There are at least 15 invertebrate viral families reported so far, most of them from insects (1, 2) . Among these, the baculovirus is one of the best-studied viruses. Baculoviruses have recently gained attention due to their potential as a biological control agents of insect pests and as a useful vector to generate large quantities of foreign proteins (3) . When a baculovirus infects its hosts it usually induces productive viral infection and kills the hosts. However, latent or persistent viral infections without obvious host motality have been reported occasionally (4, 5) . The Hz-1 virus, a candidate for the family of Baculoviridae, has been an ideal subject for the study of differential viral infection pathways during productive and persistent/latent viral infections.
The Hz-1 virus is an enveloped, non-occluded, rod-shaped virus which contains a 230 kb double-stranded circular DNA genome (6, 7) . The virus was identified as a persistently infecting baculovirus agent in the IMC-Hz-1 ovarian cell line derived from the insect Heliothis zea (8) , and was previously referred to as the type species of the subfamily Nudibaculovirinae in the family Baculoviridae (9) . Due to the lack of a polyhedrin gene and sufficient molecular information, the Hz-1 virus and other non-occluded baculoviruses have recently been excluded from the baculovirus family and are temporarily unclassified (10) .
Hz-1 virus induces both productive and persistent viral infections in several insect cell lines (6, 8, 11, 12) . Once the host cells have been persistently infected with Hz-1 virus, they become resistant to superinfection by the same virus (4, 13) . During productive viral infections, the virus generates more than 100 virus-specific transcripts. However, during persistent viral infections, only a single viral RNA transcript, the persistencyassociated transcript 1 (PAT1), remains detectable (11) . So far, the differential expression of viral genes in insects during productive and persistent infections has only been demonstrated in the infection of Hz-1 virus. Thus this system provides an ideal tool for studying the mechanism of the switch between these two viral infection cycles in insects. In addition, it is possible to compare this system with the only heavily studied differential viral gene expression system in mammals, the herpes viruses (14) (15) (16) .
Dissection of the regulatory mechanisms by which activities of the productive infection-specific promoters of Hz-1 virus are repressed during persistent infection should lead to a better understanding of how the mysterious persistent viral infection is established. As a first step towards this end, it is necessary to clone the productive infection-specific promoters of Hz-1 virus. Subsequent comparison between the productive infectionspecific promoters and the persistent infection-specific promoters, such as the promoter which transcribes PAT1, should facilitate the study of the mechanisms which control the differential viral gene expression and the switch between the productive and persistent viral infection cycles.
Identification and characterization of eukaryotic promoters have been important but cumbersome and time consuming subjects in virology and molecular biology (17) (18) (19) (20) (21) . During the search for baculovirus promoters, we discovered that the A. (24) and # marks sequences which follow the Drosophila alcohol dehydrogenase sequence (37) . (C) Sequence of the 3' terminator (27) . The inverted repeats are underlined.
baculovirus promoters are functional in the bacterium Escherichia coli. Several eukaryotic promoters from various sources have previously been demonstrated to express correctly in Exoli (22) , although expression of some of these promoters was low in bacteria To take advantage of this phenomenon, we constructed a dual-expression shuttle vector which contained a promoter-less LacZ coding region. The vector was carefully designed to ensure proper translation and termination of the lacZ transcript in both bacterial and eukaryotic cells. Upstream insertion of suitable eukaryotic promoters would allow expression of the lacZ gene in both bacterial and eukaryotic cells. Bacteria harboring the eukaryotic promoter-containing plasmids could be quickly identified as blue colonies in a background of white colonies. The function of the putative immediate early-type promoters could then be confirmed by their expression in eukaryotic cells without virus co-infection.
In this article, we show that the cloning strategy using the dual-expression shuttle vector has simplified and speeded up the analysis of known eukaryotic promoters. We also show that this vector system has allowed identification and isolation of the first productive infection-specific very early promoters of Hz-1 virus.
MATERIALS AND METHODS

Construction of the dual-expression shuttle vector
The dual-expression shuttle vector was designed and constructed for efficient expression in both prokaryotic {E.coli) and eukaryotic (insect) cells. The basal vector pTSV (Fig. 1A) contains a replication origin, an ampicillin-resistant gene derived from pUC18, and a promoter-less lacZ gene followed by a SV40 terminator (23) . The nucleotide sequence of the first eight amino acid codons of the lacZ gene were replaced with that of the first eight amino acid codons of the polyhedrin gene (Fig. IB) from a typical baculovirus, the Autographa californica multiple nuclear polyhedrosis virus (AcMNPV).
Three '5' leader' sequences (Fig. 1B) , each containing slightly different nucleotide sequences, were inserted upstream of the lacZ gene in pTSV. Nucleotide sequences flanking the translation start codon ATG were modified following the Kozak Rule (24). The differences of the three leader sequences are as follows: for sequence TSV-1, a 16 nt sequence without any stop codon was selected from the 5' untranslated region of the firefly luciferase gene (25) and inserted downstream of the restriction sites Xhol and HindlH ( A prokaryotic terminator sequence from the E.coli threonine attenuator (27) was inserted downstream of the SV40 terminator in all three plasmids. This sequence is designated the '3' terminator' in Figure 1A and its nucleotide sequence is given in Figure 1C .
Cells, viruses, and promoters
Insect ovarian cells of Spodoptera frugiperda (SF9 and SF21) were grown in the modified TNM-FH medium at 26°C (11) . Cells were maintained as monolayer or suspension cultures. Promoters of IEO, IE1 and polyhedrin genes were all from the insect virus, AcMNPV (9). IE0 and El are immediate early-type genes (28) and the polyhedrin gene is a very late gene (29) . The IEO and IE1 promoters contain sequences 23-612 bp and 33-660 bp, respectively in the 5' regulatory regions of the IEO and EEI genes (28) . The polyhedrin promoter was derived from viral genomic £coRI-I fragment, which contains a sequence -7 bp from the translation start site to the first upstream Sphl site (30, 31) . Standard Hz-1 virus was derived by plaque purification as described (11) .
Purification of viral genomic DNA
Viruses and viral genomic DNA were purified as described (6) . Purified viral DNA (100 ng) in 500 |il lx TE buffer was sonicated with a 1/16" probe of an Ultrasonic Processor XL (Heat System™, Inc. USA) for 50-100 s in an Eppendorff tube.
Assay of lacZ activity in bacteria and insect cells
The activity of LacZ expressed in bacteria was determined by measuring the intensity of the blue color of bacteria colonies using a densitometer. The activity of LacZ expressed in insect cells was determined by assay of P-galactosidase activity. Cell lysate (40 ul) was mixed with 160 |il of reaction cocktail (containing 25 mM Tris-HCl pH 7.5, 125 mM NaCl, 2 mM MgCl2, 12 mM (3-mercaptoethanol and 0.3 mM 4-methylumbelliferyl-P-D-galactoside) and incubated at 37°C for 30 min. Then 100 \\\ of sample was aspirated into 2 ml of glycine-carbonate reagent and the fluorescence was read with the TKO-100 Mini Fluorometer (Hoefer Scientific Instrument, Inc. USA).
DNA transfection
Parental cells (SF9 or SF21), SF21 cells productively infected with Hz-1 virus, or SF21 cells persistently infected with Hz-1 virus (designated as SFP2) (11, 13) were transfected with 1 (ig of plasmids per 4 x 10 5 cells using Lipofectin™ (Gibco/BRL Life Technologies, Inc. USA). After transfection, parental or persistently infected cells were incubated in serum-free medium at 26°C for 12 h, followed by incubation in 8% serum-containing medium at 26°C for another 48 h. The LacZ activities in the transfected cells were then assayed.
Primer extension analysis
Total cellular RNA was purified from transfected cells by using the Ultraspec™ RNA Isolation Reagent (Biotecx Laboratories, Inc. USA). Three synthetic 35 bp primers were used for the primer extension analysis. Primer 1 is complementary to nucleotides 334-368 in pTSV-2-129 (Fig. 3A) . Primers 2 and 3 are complementary to nucleotides 712-746 and 810-844, respectively, in pTSV-2-49 (Fig. 3B ). Both primers 1 and 2 are complementary to the viral inserts in the respective plasmid clones. Primer 3 is complementary to the sequence of the LacZ coding region of the vector. Primers were end labeled separately with T4 polynucleotide kinase and [r- The annealed primers were extended using 20 U of M-MLV reverse transcriptase (Gibco/BRL Life Technologies, Inc. USA) following the procedure described by Guo et al. (32) . The products of the primer extension reaction were analyzed on a denaturing 6% polyacrylamide gel along with a sequencing ladder. Sequencing for the primer extension reaction was carried out using Sequenase (US Biochemical Co., USA) according to the instructions provided by the vender.
Southern and Northern blot analyses
The viral genomic DNA was purified as described (6) . The purified DNA was digested with three different restriction enzymes, Xhol, Hindlll and EcoRl. After digestion they were fractionated through a 0.8% agarose gel, blotted onto a nylon filter, and subjected to Southern blot analysis as described (11) .
RESULTS
Selection of the promoter-less shuttle vector which has low background expression of the lacZ gene in bacteria and in SF9 cells
Plasmids pTS V-1, pTSV-2 and pTSV-3, each containing different 5' leaders upstream of the promoter-less lacZ gene, were first tested in E.coli to determine the level of background expression of the lacZ gene. The promoter-less lacZ gene in the plasmid pTSV-2 was expressed at a barely detectable level, whereas in plasmids pTSV-1 and pTSV-3, the lacZ gene was expressed to much higher extents ( Table 1 ). The three plasmids were also tested in SF9 insect cells to determine the level of background expression of the lacZ gene. All three constructs produced similarly low background expression ( Table 1) . As a result, only plasmid pTSV-2 was used for further experiments. a Relative p-galactosidase activities were measured by a densitometer. The color intensity produced by polyhedrin promoter was taken as 100 (see Table 2 ), whereas color intensity produced by a non-lacZ gene-containing bacteria colony was taken as 0. b One unit of fluorescence intensity emitted by P-galactosidase is equal to the intensity emitted by 0.1 nM 4-methylumbelliferone.
Expression of the baculovirus promoter-driven lacZ gene in E.coli and insect cells
Three well-characterized baculovirus promoters of AcMNPV, namely promoters of EO, IE 1 (28), and polyhedrin genes (31), were inserted separately upstream of the lacZ gene in the plasmid pTSV-2. These plasmids were transformed separately into E.coli. Because all of the promoters were inserted into the unique HindfH site in pTSV-2, these promoters could be inserted in either orientation. Thus, both blue and colorless bacteria colonies were collected for further analysis. All plasmids in bacteria from blue colonies were found to contain promoters in correct orientation, whereas those from colorless colonies were found to contain either promoters in reverse orientation or no promoters (Table 2) . Plasmids containing promoters of EO and IE1 in correct orientation were then transfected into SF9 cells. The results showed that the lacZ gene was properly expressed in SF9 cells (Table 2) . Because the polyhedrin gene is a very late gene of baculovirus, expression of the polyhedrin promoter in correct orientation was weak when transfected into SF9 cells alone. However it became strongly expressed when co-transfected with the baculovirus genome ( Table 2) . 
Trapping of the unknown promoters of Hz-1 virus by the dual-expression shuttle vector pTSV-2
Purified Hz-1 viral DNA was sonicated and a fraction of the DNA containing 0.5-1.0 kb of randomly truncated viral DNA fragments was inserted into the unique HindlU site of pTSV-2. Plasmids containing the viral DNA library were transfected into E.coli and spread onto agar plates containing X-gal. Bacteria colonies with various intensities of blue color were observed. These blue colonies were further analyzed and were all found to contain inserts upstream of the lacZ gene. Plasmid DNAs were purified separately from a total of 352 blue colonies. These plasmid DNAs were pooled in groups of ten and transfected into SF9 cells to search for plasmids possessing promoter//acZ activity. Various plasmid groups giving rise to lacZ activity in SF9 cells, as visualized by histochemical staining, were further analyzed by transfecting the individual plasmid DNA into SF9 cells. Two clones, pTSV-2-129 and pTSV-2-49, giving rise to lacZ activity in insect cells were further analyzed. The inserts in plasmids pTSV-2-129 and pTSV-2-49 were excised and used as probes for Southern blot analysis of the enzyme-restricted Hz-1 viral DNA. The insert in pTSV-2-129 hybridized to the Xhol-B, Hindlll-K and EcoRl-U fragments and the insert in pTS V-2-49 hybridized to the Xho\-D, Hindlll-A and EcoRl-C fragments (Fig. 2 A and B) of the Hz-1 viral genome (6) . These results indicate that the inserts in pTSV-2-129 and pTSV-2-49 are located within two regions of 2 and 8.2 kb, respectively, in the viral genome as shown in Figure 3C . The distance between the two regions is ~7.1 kb.
Analysis of promoter activities
The DNA inserts in the plasmids pTSV-2-129 and pTS V-2-49 were sequenced and their sizes were found to be 368 and 746 bp, respectively (Fig. 4) . To determine whether transcription is initiated from these DNA fragments, oligonucleotide primers complementary to their 3' ends were synthesized ( Fig. 3 A and B , dashed arrows). Total RNAs extracted from SF9 cells at 0.5,2,4, and 12 h post infection (hpi) were used for the primer extension analysis of the first two primers, primers 1 and 2 (Fig. 3) . Primer 1, which is derived from the DNA insert in the plasmid pTSV-2-129, gave two extension products with sizes of 64 and 47 bp (Fig. 3C) . The two extension products were first detected at 0.5 hpi, became more abundant at 2 hpi, and then gradually leveled off (Fig. 3C) . No extension product was detected using primer 2 which is derived from the DNA insert in the plasmid pTSV-2-49 (data not shown). However, by transfecting pTSV-2-49 directly into the cells and analyzing the promoter activity using primer 3 which is complementary to the coding region of LacZ (Fig. 3B) , three closely associated major bands transcribed from the region complementary to primer 2 were detected (Fig. 3D, lanes 6 and 7) . The promoter activity of DNA inserts in pTSV-2-129 and pTSV-2-49 were assayed by transfection of these plasmids into SF21, SFP2 or Hz-1 virus-productively infected SF21 cell lines (Fig. 4) . The lacZ gene in plasmid pTSV-2-129 was expressed best in the healthy parental cells, less well in the virus-productively infected cells, and poorly in the virus-persistently infected cells. Expression of the lacZ gene in the plasmid pTS V-2-49 was quite different: LacZ activity was barely detected in the healthy and virus-persistently infected cells, however, it is significantly increased in cells productively infected with virus.
DISCUSSION
A dual-expression shuttle vector was constructed to express baculovirus promoters efficiently in both E.coli and insect cells. The LacZ encoded by the reporter gene within this shuttle vector was expressed in bacteria when functional eukaryotic promoters were properly inserted upstream of this reporter gene. Insertion of these promoters in reverse orientation abolished their expression in bacteria. This vector is also shown to be useful in trapping unknown promoters of a eukaryotic virus. Out of thousands of white bacteria colonies, hundreds of blue bacteria colonies which exhibited promoter activity from the harboring Hz-1 viral genomic inserts were easily isolated. Obviously, the mechanism of recognition of promoter sequences in bacteria is still not as strict as eukaryotes, therefore, most of the DNA sequences from blue bacteria colonies are not functional as promoter in SF9 cells. After further screening of these cloned plasmids by expression in SF9 cells two new productive infection-associated promoters of Hz-1 virus, each contained in the plasmids pTSV-2-129 and pTSV-2-49, were identified.
Based on the design of the vector construction, the promoters inserted in the dual-expression shuttle vector may contain a small portion of 5' end of the mRNA. This assumption was supported by the results of the primer extension experiment using a primer complementary to the 3' end sequence of the insert in pTSV-2-129. Extension products were detected as early as 0.5 hpi (Fig. 3C ), indicating that it is an immediate early-type promoter of Hz-1 virus. In addition, computer analysis revealed that this promoter region contains several sequences that resemble the cAMP responsive element (CRE) (Fig. 3A) . Since the CRE is a motif shared by many immediate early-promoters (33, 34) , significance of these motifs and their possible functions are worth further investigation.
By using primer 2 complimentary to the 3' end sequence of the insert in pTSV-2-49, the extension product was not detected in the primer extension experiment. One possibility is that the transcription initiation site is very close to the 3' end of the insert and overlaps with the primer. Another possibility is that the promoter insert does not contain a transcription start site, thus the transcript was initiated from the 5' end, untranslated region of the lacZ gene in pTSV-2-49. The results of primer extension using primer 3 showed that the major transcripts are initiated in the primer 2 binding site. Thus, the transcription start sites are located very close to the 3' border of the cloned viral DNA fragment in pTSV-2-49. Also, it explains why the transcription start site was not detected by primer 2.
Activities of the two promoters are different in the parental, Hz-1 virus-productively, and Hz-1 virus-persistently infected cells (Fig. 4) . Activity of the promoter in the plasmid pTSV-2-49 increased and that in the plasmid pTSV-2-129 decreased in the virus-productively infected cells compared with their activities in the uninfected parental cells. Such variations in the promoter activity after viral infection suggest that expression of the two promoters is differentially regulated by viral gene products. Activities of the two promoters decreased drastically, if not completely turned off, during persistent viral infection. This result is in good agreement with our previous observation that during persistent viral infection, expression of the vast majority of viral transcripts, except PAT1, is suppressed (11) .
Usually a given virus, even of large genome size, contains a limited number of immediate early-type genes. For example, AcMNPV contains a 130 kb genome and is the most intensively studied baculovirus with its entire genome having been sequenced, yet so far only five immediate early-type promoters have been identified (35, 36) . According to our previous reports (6, 11) , most immediate early-type promoters of Hz-1 virus are located in the ///'/idHI-A, D and I fragments. After extensive screening of plasmid and cosmid libraries derived from the Hz-1 virus genome, all of the genomic DNA fragments of Hz-1 virus were isolated except the HindlR-A, D and I fragments (6, 11) . This suggests that the three DNA fragments may contain genes and/or promoters which are somehow unfavorable to be cloned using E.coli. Therefore, the reason why only one or probably two immediate early-type promoters of Hz-1 virus were cloned using the dual-expression shuttle vector could be due to the fact that very few promoters of this type reside in the viral genome out of the ///rtdlll-A, D and I fragments and are easily clonable.
In conclusion, two productive infection-specific promoters of Hz-1 virus with different expression patterns have been identified using a specially designed vector. The promoter contained in the plasmid pTSV-2-129 is the first immediate early-type promoter of Hz-1 virus identified. Another promoter contained in plasmid pTS V-2-49 is also a productive infection-specific early promoter. The identification of these two promoters, which are active during productive viral infection, should allow comparative analysis of the structure and function of the productive and persistent viral infection-associated promoters in the future. Such comparisons would greatly enhance our understanding of the mechanism of molecular switch between productive and persistent viral infections of Hz-1 virus.
